Abstract. The change in the secondary and tertiary structure of bovine serum albumin (BSA) induced by the interaction with spherical polyelectrolyte brushes (SPB) has been investigated using fluorescence and circular dichroism (CD) spectroscopy. The SPB consist of poly(acrylic acid) chains grafted to a poly(styrene) core. The colloidal SPB represent a new substrate for protein immobilization because their protein binding capacity can be controlled by the ionic strength of the solution: SPB bind large amounts of BSA at low ionic strength (pH = 6.1), but they are largely protein resistant at moderate salt concentrations of 500 mM. The conformation of BSA which was labeled with the environmentally sensitive dansyl fluorophore was studied before adsorption to the SPB, in the adsorbed state, and after desorption from the SPB. In the adsorbed state the obtained fluorescence spectrum is red-shifted which indicates a hydration of the dansyl fluorophores due to a distortion of the tertiary structure of BSA. Fluorescence and CD spectroscopic analysis of BSA that was desorbed from the SPB shows that the adsorption-induced conformational changes are largely reversible. Convex constraint analysis of the observed CD spectra of BSA yield α-helix fractions of 68% and 57% before adsorption to and after desorption from the SPB, respectively. In a general view, the results of this study demonstrate that spherical polyelectrolyte brushes are suitable for a controlled immobilization and release of proteins without major conformational changes.
Introduction
Aqueous suspensions of colloidal particles represent excellent model systems for the study of the adsorption of dissolved proteins onto solid surfaces [1] [2] [3] [4] [5] [6] [7] . The colloidal size of the particles leads to an enormous surface area in the system that can be studied by a widespread variety of methods [1, 8] . Moreover, the surface properties of latexes can be designed for special purposes by grafting a polymeric shell onto a nearly monodisperse core particle [8] . The surface of these particles obtained in this way is well-defined and can be changed for the purpose at hand. Results obtained from investigations of protein adsorption on such well-defined latex particles may therefore be compared to thorough studies conducted on macroscopic planar surfaces [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
In a recent study, spherical polyelectrolyte brushes (SPB) have been presented as new and interesting colloid particles for the immobilization of proteins in solution [19] . The SPB consist of a solid core of Fig. 1 . Protein binding by spherical polyelectrolyte brushes. Strong adsorption of the dissolved proteins takes place at low ionic strength. Under these conditions the proteins are adsorbed irreversibly and no desorption takes place. However, if the salt concentration is raised to 0.5 M, the proteins are desorbed again and can be separated from the brush particles [19] . poly(styrene) onto which long linear polyelectrolyte chains of poly(acrylic acid) (PAA) or poly(styrene sulfonic acid) (PSS) are grafted [20] [21] [22] . The overall dimensions are in the colloidal domain (ca. 200-300 nm) and have been characterized in detail recently [21, 22] . Because of their colloidal size these particles generate a large surface area in solution that is well defined and highly suited for a systematic investigation of protein adsorption onto model surfaces. The SPB having long PAA chains on their surface exhibit a high binding capacity for protein molecules at low ionic strength even for proteins with a net negative charge [19] . In principle, the negative charge of the SPB should repel the negatively charged proteins at low ionic strength where the electrostatic repulsion is strongest. In contrast to this, strong adsorption takes place at low ionic strength and protein resistance is only observed at moderate salt concentrations. Moreover, bovine serum albumin (BSA) adsorbed at low ionic strength can almost quantitatively be removed from SPB with PAA chains by washing with a 500 mM sodium chloride solution [19] . Thus, the ionic strength of the solution can be used as a physico-chemical switch for the protein affinity of the SPB. Figure 1 displays a scheme for the protein loading of the SPB taking place at low ionic strength.
The strong interaction of the spherical polyelectrolyte brushes with proteins in aqueous solution seems to be closely related to the binding of proteins by polyelectrolytes [23] [24] [25] [26] [27] [28] . Here it has been found that protein adsorption takes place often on the "wrong side" of the isoelectric point where pH > pI [27] . Dubin and coworkers have discussed this unexpected finding in terms of the dipolar asymmetry of the proteins [27] . Carlsson et al., however, have pointed to possible contributions of short-range attractive interactions that may lead to adsorption of proteins for pH > pI [28] . In general, electrostatic attraction can be brought about by interaction of linear polyelectrolytes with heterogeneously charged surfaces [29] . The explanation for the strong adsorption of proteins onto the spherical polyelectrolyte brushes can therefore be based on the electrostatic interaction of the grafted polyelectrolyte chains and the positively charged patches of the protein [19] . These positively charged patches of the proteins become counterions of the polyelectrolyte brush and a concomitant number of ions is released. This leads to an increase of the entropy of the system and hence a marked confinement of the proteins within the grafted polyelectrolyte layer of the SPB ("counterion release force", see the discussion of this point in [30] ) [19] .
In this paper, we present the first study of conformational changes of a protein that is interacting with SPB in order to show the suitability of SPB for a controlled immobilization and release of proteins. Taking bovine serum albumin (BSA) as a model protein, detailed studies of the secondary and tertiary structure of the protein molecules before adsorption, in the adsorbed state and after a quantitative adsorption-desorption process are presented. BSA has a low isoelectric point of about pH = 5 [31, 32] , which has the advantage that a colloidal dispersion of the SPB at neutral pH-values is not destabilized on the addition of BSA molecules. Almost 70% of the 582 amino acid residues of BSA form α-helices [32] . There are no β-sheets, but 17 disulfide bonds plus a free Cys side chain, 100 acidic residues (59 Glu and 41 Asp), and 99 basic residues (59 Lys, 23 Arg, and 17 His). In this study, BSA was labeled with the environmentally sensitive dansyl fluorophore [33] , and its conformation was probed using fluorescence and CD spectroscopy. Unfortunately, due to the strong absorption and scattering of UV light by the SPB, no CD spectroscopy could be performed for BSA in the adsorbed state [34] . Since an SPB/water interface provides a reduced local pH-value and an enhanced local ionic strength [19] , additional experiments have been performed for comparison below pH = 4, where the so-called F-form of BSA is stable, and at different concentrations of sodium chloride [32] . Spectra were recorded as a function of temperature to characterize the thermal stability of the BSA conformations under the various conditions.
Experimental
Bovine serum albumin (BSA) was purchased from Fluka (Taufkirchen, Germany) and used as supplied. The protein molecules were labeled with dansyl fluorophores (Fluka, Taufkirchen, Germany) following the procedure described by Wang and Bright [35] . From the UV-absorbance at 279 nm, which is characteristic for BSA, and that at 335 nm, which is determined by the dansyl group, an average number of 1.4 dansyl groups per BSA molecule could be calculated. The purity of dansyl-BSA was checked by gel electrophoresis (SDS-PAGE) and found to be >99%; however, a small side band was observed indicating dimers. The tendency of fat-free albumin to aggregate is well known [31] . Dansyl-labeled BSA was used throughout this study to show that the label does not have any effect on the structure of BSA. Indeed, the CD spectra and the temperature of unfolding of dansyl-BSA are in excellent agreement with corresponding data of unlabeled BSA (see Results and discussion). Protein solutions with concentrations in the range of 0.02-0.5 mg ml −1 (0.3-7.5 µM) were prepared using a 10 mM MES buffer, which was adjusted to pH = 6.1.
The spherical polyelectrolyte brushes that serve as substrate for BSA in this study consist of a poly(styrene) (PS) core and a poly(acrylic acid) (PAA) shell. They were prepared by photoemulsion polymerization as described before [20] . The radius of the PS core was 51 nm, the contour length of the PAA chains was 36 nm, and the grafting density was 0.13 nm −2 [19] . For adsorption studies, a few microliters of a 2.9 weight-% solution of the SPB were added to a BSA solution to obtain the desired mass ratio of BSA to SPB which was ranging from 0.4 : 1 to 2.0 : 1. The BSA/SPB solutions were equilibrated for at least 1 h prior to each measurement.
BSA that was first adsorbed to and then desorbed from the SPB was obtained as follows: Equilibrated solutions of BSA and SPB were filled in a serum replacement cell. Under gentle stirring, the solution was washed eight times with a pure buffer solution by passing the solution through a cellulose nitrate membrane (Schleicher & Schuell, Kassel, Germany). The membrane had a pore size of 50 nm to retain the SPB with adsorbed BSA and to remove the loosely and non-adsorbed protein molecules from the solution. Then the whole procedure was repeated but this time the buffer solution contained sodium chloride with a concentration of 0.5 mol l −1 which leads to the desorption of the BSA from the SPB. The amount of protein washed off by this procedure was determined from UV absorption. From SDS-PAGE, it has been found that the adsorption-desorption process did not increase the fraction of BSA dimers.
Static fluorescence measurements were performed using the K2 instrument from ISS (Champaign, Illinois, USA) which was operated in photon counting mode. The dansyl groups bound to BSA were excited with monochromatic light of 340 nm wavelength generated by a xenon arc lamp. Fluorescence spectra were recorded over the wavelength range 370-650 nm. All fluorescence emission scans were normalized to the incident light intensity and were corrected for the wavelength-dependent response of the detection system. Background spectra were recorded and subtracted from the observed fluorescence spectra of dansyl-BSA. Data were analyzed using the Grams software from Galactic. Circular dichroism (CD) spectra were obtained using the J-715 instrument from Jasco (Tokyo, Japan). They were recorded over the wavelength range 193-250 nm. The spectra are averages over 25-50 scans acquired with 0.5 nm resolution and a scan speed of 100 nm min −1 . The samples were contained in a 1 mm quartz cuvette, which was heated by a circulating water flow. A background spectrum of a MES buffer solution was recorded and found to have zero ellipticity at 193-250 nm. The secondary structure of BSA was estimated by the convex constraint analysis (CCA, program version 1.0) [36, 37] . In this analysis, a set of CD spectra is deconvoluted into its common pure-component curves over the wavelength range 195-240 nm. It is noted that the CCA does not depend on known protein structures obtained from X-ray crystallography. In this study, the measured CD curves were appended to a CD data set of 26 globular proteins as used in [37] . The CD spectra were deconvoluted into 4 components (Fig. 2 ), which were assigned to α-helix, β-sheet, turn and random coil secondary structures according to Fig. 2b of [36] . The RMS deviations between the measured CD spectra and those calculated from the component curves were found to be very small with a mean value of only 2.3 (RMS values below 10 are generally acceptable). The deviations were determined according to 100
where i is counting the data points of a CD spectrum, θ obs,i is the observed molar ellipticity and θ calc,i is the Fig. 2 . Typical pure-component curves as obtained from the convex constraint analysis of the CD spectra. The curves are assigned to α-helix (A), β-sheet (B), turn (C) and random coil (D) secondary structures following [36] . calculated molar ellipticity. All experiments have been performed at least twice. Experimental errors are given in the figure captions and the table heading.
Results and discussion

Degree of adsorption
In [19] , the amount of BSA that is irreversibly adsorbed on the SPB has been determined for mass ratios of protein to polymer ranging from 0 : 1 to 1.4 : 1. At room temperature, essentially all BSA adsorbs up to a ratio of 0.5 : 1. In this study, we have determined the degree of BSA adsorption at a higher mass ratio in the excess of protein to investigate the effect of temperature on the degree of adsorption. A protein-polymer solution with the mass ratio 2 : 1 was centrifuged together with a protein solution (0.2 mg ml −1 ) as reference for 30 min at 55900g and 20
• C. Then, the absorbance of the supernatant liquid of the protein-polymer sample was measured at 280 nm and compared to the corresponding signal of the reference. From this, a fraction of 33 ± 5% could be calculated for BSA that is adsorbed on the spherical polyelectrolyte brushes. The degree of adsorption was also measured for protein-polymer samples that had been incubated at 60 • C for 1 h. A fraction of 47 ± 3% of adsorbed protein was found from these measurements. These results demonstrate that there is no temperature-induced desorption of BSA from the SPB. Rather, an increase in temperature leads to an increased degree of adsorption which suggests that the adsorption of BSA on the SPB is dominated by entropic driving forces.
Fluorescence spectroscopy
In detailed fluorescence studies it has been shown that the dansyl fluorophor is an excellent probe for conformational changes of BSA in solution [35, 38] and at polymeric interfaces [39] . The reason for this is the existence of two binding sites for the dansyl groups: the hydrophilic surface and the hydrophobic interior of BSA. Only the latter site contributes significantly to the observed fluorescence spectrum of dansyl-BSA. It can be identified by a blue-shifted spectrum with a maximum intensity at 450 nm. In contrast, fully hydrated dansyl groups show a maximum fluorescence intensity at 550 nm [35] . Thus, a (partial) unfolding of dansyl-BSA leads to a red-shift of the dansyl-BSA fluorescence spectrum due to a hydration of the fluorophors.
In this study, the maximum of the fluorescence band of dansyl-BSA at 20 • C has been found at 445 nm (Fig. 3) indicating that the dansyl groups have a hydrophobic environment and are located in the hydrophobic interior of BSA. With increasing temperature, the wavelength of maximum intensity is shifting to higher values reaching about 505 nm at 75 • C (Fig. 3) . This 60 nm red-shift of the emission maximum can be correlated with an increase of the average polarity surrounding the dansyl groups, which is induced by the thermal unfolding of the protein structure. When dansyl-BSA is adsorbed to the SPB, the same red-shift is observed and the fluorescence spectrum almost overlaps with that of thermally unfolded non-adsorbed dansyl-BSA (Fig. 3) . A mass ratio of 0.4 : 1 for dansyl-BSA and SPB was used here, so that the fraction of non-adsorbed dansyl-BSA is negligible. This result indicates that the adsorption of dansyl-BSA on the spherical polyelectrolyte brushes leads to a distortion of the protein tertiary structure and a penetration of water into the protein interior.
The thermal unfolding of dansyl-BSA, with and without SPB, can be studied by plotting the fluorescence intensities observed at 435 nm as a function of temperature (Fig. 4) . The wavelength of 435 nm has been chosen, because the fluorescence intensity is decreasing strongly at this wavelength during Fig. 3 . Fluorescence spectra of dansyl-BSA solutions before adsorption, adsorbed to and desorbed from SPB at 20
• C and pH = 6.1. A fluorescence spectrum of thermally unfolded dansyl-BSA at 75
• C and pH = 6.1 is shown for comparison. The spectra are scaled to the same maximum intensity. BSA unfolding (Fig. 3) . Each intensity value shown has been normalized to the respective integral fluorescence intensity. The intensity of dansyl-BSA without SPB at pH = 6.1 (Fig. 4, curve A) shows a sigmoidal temperature dependence with a transition region at 60-63 • C which locates the temperature of unfolding of the protein molecules. Using differential scanning calorimetry, the maximum differential heat capacity of a BSA solution at pH = 7 has been found at 62 • C by Grasso and co-workers [40] , in very good agreement with the temperature of unfolding observed in our study. On the addition of SPB to a dansyl-BSA solution with a mass ratio of 0.4 : 1 (protein to polymer), where essentially all dansyl-BSA adsorbs on the SPB, no temperature dependence for the relative fluo- rescence intensity at 435 nm can be observed anymore at 18-90 • C (Fig. 4, curve D) . This behavior is a consequence of the distorted tertiary structure of adsorbed dansyl-BSA at low temperatures, which leads to a complete hydration of the dansyl fluorophores. Thus, the thermal unfolding of adsorbed dansyl-BSA cannot be probed anymore by the dansyl fluorescence.
The conformation of desorbed dansyl-BSA is characterized by the fluorescence spectrum given in Fig. 3 and curve B of Fig. 4 . From these data it may be concluded that the conformational changes of dansyl-BSA that are induced by the interaction with the SPB are largely reversible. However, a small redshift of the fluorescence spectrum of desorbed dansyl-BSA relative to the spectrum of never-adsorbed dansyl-BSA remains which indicates an incomplete refolding of the protein molecules into their native tertiary structure (Fig. 3) . The temperature dependence of the relative fluorescence intensity at 435 nm of desorbed dansyl-BSA (Fig. 4, curve B) shows the same temperature region for the thermal unfolding as that of never-adsorbed dansyl-BSA (Fig. 4, curve A) , and both temperature-dependent curves overlap above about 65 • C. Thus, the thermal stability of dansyl-BSA is not altered significantly by a temporary interaction with the SPB.
Native BSA undergoes a transition to a modified conformation, the so-called F-form, as the pHvalue of the solution is lowered below 4.3 (there is a further transition to the so-called E-form at pH = 2.7) [31] . The F-form is probably characterized by an unfolded structure of one of the three protein domains. Although the SPB do not provide such an acidic environment for adsorbed dansyl-BSA molecules, the F-form of dansyl-BSA might be favored upon binding to the SPB. Therefore the fluorescence of dissolved dansyl-BSA in the F-form has also been analyzed at pH = 3.7 for comparison. The maximum fluorescence intensity of dansyl-BSA at pH = 3.7 is observed at about 479 nm (data not shown), clearly at shorter wavelength than the maximum fluorescence intensity of adsorbed dansyl-BSA at 491 nm (Fig. 3) , which already indicates that adsorbed dansyl-BSA does not unfold into the F-form. This finding is supported by a comparison of the respective temperature dependences of the relative fluorescence intensities at 435 nm (Fig. 4, curves C and D) . In contrast to adsorbed dansyl-BSA, dansyl-BSA in the F-form exhibits significant residual structure and is thermally unfolding in two steps showing an intermediate at about • C, as can be inferred from the slope of curve C in Fig. 4 .
Beside a reduced pH-value there is an increased ionic strength within the shell of the SPB due to counterions [19] . Therefore the effect of an increased ionic strength on the fluorescence spectrum of dissolved dansyl-BSA has been investigated. In Fig. 5 , the relative fluorescence intensity at 435 nm of dansyl-BSA is plotted for different concentrations of sodium chloride. Each intensity value is normalized to the respective integral fluorescence intensity. The data clearly show that there is no significant Fig. 6 . CD spectra of BSA at 20-60
• C before adsorption (a), desorbed from the SPB (b), and at a reduced pH-value of 3.4 (c). The CD spectra obtained at 20
• C are typical for a protein structure with a large fraction of α-helices (see Fig. 2 for comparison).
influence of sodium chloride on the fluorescence spectrum of dansyl-BSA at moderate salt concentrations. Indeed, the salt concentration within the SPB is estimated to be below 0.1 M [19] . Thus, it may be concluded that the observed adsorption-induced changes of the fluorescence of dansyl-BSA are not simply due to the different solvent properties as an increased ionic strength and a reduced pH-value that are present within the SPB.
Circular dichroism spectroscopy
While the fluorescence experiments reported above mainly serve to detect changes in the tertiary structure of adsorbed BSA molecules, circular dichroism spectroscopy has been employed to analyze the effect of the spherical polyelectrolyte brushes on the secondary structure elements. In Fig. 6 , CD spectra of BSA are shown for different temperatures before adsorption to the SPB, after desorption from the SPB, and at a reduced pH-value of 3.4 (never adsorbed). By a comparison of the CD spectra of Fig. 6 with the pure-component curves displayed in Fig. 2 , it is evident that the structure of BSA before adsorption and after desorption is dominated by α-helices. However, there is a significant reduction of the molar ellipticity at 195 nm from about 40,000 before adsorption to about 30,000 • cm 2 dmol −1 after desorption which indicates a small decrease of the α-helix fraction after a complete adsorptiondesorption process.
In Table 1 , the results of a secondary structure analysis of BSA are presented. As described in the Experimental section, the CD spectra were resolved by CCA into contributions of α-helix, β-sheet, turn, and random coil structures. Fractions of secondary structure elements are given for BSA before adsorption, desorbed from the SPB, and at a reduced pH-value of 3.4 (never adsorbed). At 20 • C the recovered α-helix fraction of dissolved BSA before adsorption is 68% (Table 1) . This is in excellent agreement with other studies [32, 41] . When increasing the temperature, this fraction is decreasing whereas the fractions of β-sheet and random coil structures are increasing. The observed higher β-sheet content at elevated temperatures indicates the formation of intermolecular β-sheets due to protein aggregation [42] .
Desorbed BSA that was previously adsorbed to the SPB largely refolds into its native structure. Relative to native BSA, the α-helix fraction of desorbed BSA is smaller by only 11%, while the β-sheet fraction is similar and negligible (Table 1) . It is noted that the observed loss of α-helices is compensated by a formation of turns, while the random coil fraction remains unaltered (Table 1) . With increasing temperature, the fraction of β-sheets of desorbed BSA is increasing which indicates protein aggregation, as found for BSA before adsorption (Table 1) . However, there is no indication for a higher degree of aggregation after desorption which is a further indication for a native-like conformation of desorbed BSA. Apparently, in contrast to a solid substrate, the fluid-like SPB/water interface does not induce major conformational changes in proteins. Whereas on a solid surface only the protein can undergo conformational changes to optimize protein-surface interactions, contact optimization between a protein and SPB can be achieved by a rearrangement of the polyelectrolyte chains.
Finally, it is interesting to compare the partial unfolding of BSA when the pH-value of the solution is lowered with the observed conformational changes that are induced by the interaction with SPB. As mentioned above, BSA forms the F-form between pH-values of 4.3 and 2.7 [31] . Although we do not expect such low pH-values at the SPB/water interface, the F-form of BSA might still be favored due to interactions with the polyelectrolyte chains of the SPB. In Fig. 6c , CD spectra of BSA at pH = 3.4 are shown and the secondary structures derived from these spectra are given in Table 1 . At 20 • C and pH = 3.4, fractions of 58% for α-helices, 0% for β-sheets, 29% for turns, and 13% for random coil structures have been found by CCA. These conformational weights are consistent with a partial unfolding of the protein by a decrease in the pH-value, as seen in a shift from α-helix to random coil structures. Since the interaction of BSA with the SPB leads to a partial transformation of α-helices into turns, the results of the CD experiments clearly show that the conformation of BSA induced by the interaction with the SPB is not related to the F-form of BSA, in agreement with the fluorescence experiments reported above.
Conclusions
In this study we have presented the first conformational study of a protein that is interacting with spherical polyelectrolyte brushes (SPB). BSA was used as a model protein, which is characterized by a net negative charge at neutral pH-values and a secondary structure consisting of α-helices. The SPB have a poly(styrene) core and a poly(acrylic acid) shell and are characterized by a remarkable protein affinity at low ionic strength, which is drastically lowered as the ionic strength of the solution is raised. Using this tunable binding capacity of the SPB for protein molecules, the conformation of BSA was studied before adsorption, in the adsorbed state and after desorption. Adsorbed on the SPB, dansyl-BSA shows a red-shifted fluorescence spectrum which suggests a distorted protein tertiary structure allowing water to penetrate into the protein interior. Fluorescence and CD spectra of desorbed BSA that was previously adsorbed to the SPB reveal that the adsorption-induced conformational changes are largely reversible. The results of this study demonstrate that SPB are useful substrates for a controlled immobilization and release of proteins. Further studies of the adsorption of enzymes on the SPB, including the investigation of their biological activity, have now to be performed and are already under way.
